Objective: Although L-asparaginase (L-ASP) is a standard treatment for lymphoblastic lymphoma (LBL), hypersensitivity reactions by some patients limit its application. Polyethylene glycol-conjugated asparaginase (PEG-ASP) has a lower immunogenicity and is a standard treatment in all pediatric acute lymphoblastic leukemia (ALL).
Introduction
Lymphoblastic lymphoma (LBL) is a highly aggressive malignancy that arises from T-/B-precursor lymphoblasts. LBL is similar to acute lymphoblastic leukemia (ALL) in cellular morphology, immune phenotype, molecular
Original Article genetics and clinical features. The 2008 World Health Organization (WHO) Classification classifies these two diseases as different manifestation of the same disease (1) . Because cell marker expression for LBL and ALL overlaps, their clinical distinction is determined by degree of bone marrow involvement, i.e., <25% immature lymphoblasts in the bone marrow: LBL, while ≥25% immature lymphoblasts in the bone marrow: ALL (2) .
LBL accounts for 2%-4% of adult non-Hodgkin lymphomas (3, 4) . Adult LBL has shown limited response with high relapse rates to lymphoma treatments such as the CHOP regimen (cyclophosphamide, doxorubicin, vincristine and prednisolone). Chen et al. reported a complete response (CR) rate of 17%, and median overall survival (OS) of 8.5 months (5). L-ASP-containing treatments were effective and prolonged survival of patient with ALL (6-10). However, a major limitation of L-ASP is hypersensitivity, reported in 15%-75% of both adults and children, and which in severe cases could be lifethreatening and induce drug resistance (6, 11, 12) . Also, as L-ASP has a short half-life (about 20 h), patients must be dosed every one or two days for 7 consecutive days to maintain an effective concentration of the drug (10) .
To overcome these difficulties, L-ASP was covalently linked to polyethylene glycol (PEG) to formulate PEGasparaginase (PEG-ASP). PEG-ASP preserves the enzymatic function of native L-ASP, but decreases the immunogenicity of the protein, thus potentially reducing the risk of hypersensitivity reactions. Another advantage of PEG-ASP is its prolonged half-life compared with native L-ASP; a single injection of PEG-ASP can be given instead of inconveniently administering multiple doses of native L-ASP (6, 8) . Comparative studies between L-ASP and PEG-ASP treatments in pediatric and adult ALL patients suggest that patients treated with PEG-ASP had faster clearance of tumor cells and more prolonged activity. Production of antibody to PEG-ASP was less than that to native L-ASP (2% vs. 26%) (11, 13) . The two drugs were similar in eventfree survival, adverse events (AEs), and infection occurrence (11, 13) . PEG-ASP was approved for treatment of ALL patients allergic to L-ASP by the US Food and Drug Administration (FDA) in 1994, and has been used as first-line treatment for adult and children ALL since 2006 (14, 15) . However, the efficacy and safety of PEG-ASPbased pediatric regimens in adult LBL have not been well studied. In this study, we investigated the efficacy and toxicity of PEG-ASP instead of L-ASP as used in the BFM-90 regimen (PEG-ASP-BFM-90) for adult LBL.
Materials and methods

Patients
Between June 2012 and July 2015, we carried out a prospective, multicenter and single-arm clinical study, into which we recruited 30 LBL patients newly diagnosed by histomorphology and immunohistochemistry in accordance with the 2008 WHO criteria. The inclusion criteria included: 1) at least one measurable lesion; 2) aged 18-70 years, either gender; 3) Eastern Cooperative Oncology Group (ECOG) performance status score 0-3, and 4) expected survival of at least 3 months. The exclusion criteria included: 1) coagulation disorder; 2) serious failure of liver and kidney function; 3) concurrent malignant serious or uncontrolled cardiovascular diseases within the previous 6 months; 4) severe infection; 5) HIV infection; or 6) women who were lactating, pregnant, or of child-bearing potential and not using a reliable method of contraception during the study period.
All patients were required to have documentation of LBL by tumor tissue sampling of involved sites. Some patients with ≥25% bone marrow immature lymphoblasts in subsequent bone marrow examination were still classified as LBL with bone marrow involvement (stage IV), and included in the study.
Acute pancreatitis was defined in this study as any two of the following situations: 1) abdominal pain (acute onset of a persistent, severe, epigastric pain often radiating to the back); 2) serum lipase or amylase activity at least 3 times greater than the upper limit of normal; and 3) characteristic findings of acute pancreatitis on computed tomography (CT) or magnetic resonance imaging (MRI) (16) . Pancreatitis was graded according to the US National Cancer Institute Common Terminology Criteria for Adverse Events (NCI CTCAE), version 4.0.
Treatment with study drug may be discontinued for any of the following reasons: 1) patient does not meet inclusion criteria; 2) protocol violation; 3) disease progression; 4) serious AEs that cannot be recovered; 5) study terminated by investigators; 6) withdrawal by subject.
Patients provided written informed consent after being informed of the nature of the disease, its treatment options, and its possible outcomes. This study was approved by the Research Ethics Committee of Peking University Cancer Hospital and carried out in accordance with the approved guidelines.
Chemotherapy
We used PEG-ASP in lieu of the native L-ASP during induction and intensification therapy for adult LBL using the BFM-90 regimen (PEG-ASP-BFM-90). Induction phase 1a: prednisone 60 mg/m 2 Reinduction phase 2b is the same as induction phase 1b. Maintenance phase: methotrexate 20 mg/m 2 orally, once a week for 18 months; 6-mercaptopurine 60 mg/m 2 orally, daily for 18 months. All patients received regular intrathecal cytarabine chemotherapy for prophylaxis central nervous system (CNS) lymphoma without prophylactic cranial radiotherapy. Local irradiation was also omitted in this study. The protocols included induction, consolidation, reinduction and maintenance; the total treatment course took two years. If the patient achieved a CR or partial response (PR), and agreed to receive highdose chemotherapy plus autologous peripheral blood stem cell transplantation (APBSCT), it was given after the end of treatment. After APBSCT, the patient would continue with maintenance therapy.
Response and follow-up criteria
Pretreatment evaluations included history, physical examination, complete hematological and biochemical tests, CT scans of neck, chest, abdomen and pelvic, or 18 Ffluorodeoxyglucose positron emission tomography if possible, cerebrospinal fluid examination, bone marrow aspirate and biopsy. Clinical staging was performed according to the Ann Arbor classification. Response was evaluated at the end of each phase of the protocol according to Cheson criteria (17) . Initial responses included CR, PR, stable disease and progressive disease. OS was defined as the time from diagnosis to death from any cause, or the date of last follow-up. Progression-free survival (PFS) was measured from diagnosis to first progression, relapse after response, or death from any cause, or the date of last follow-up. AEs were graded according to the US NCI CTCAE, version 4.0.
Statistical analysis
Data were analyzed using IBM SPSS Statistics (Version 19.0; IBM Corp., New York, USA). Correlations between clinicopathological factors and CR were evaluated using a chi-squared (χ 2 ) test or Fisher's exact test. Multifactor logistic regression was performed to adjust possible confounding factors and calculate odds ratios. KaplanMeier survival analysis was used to evaluate patient prognosis; P values were calculated by log-rank tests. Patients' 1-, 2-and 3-year survival rates were obtained with the life-table method. P<0.05 was considered statistically significant.
Results
Patient characteristics
We enrolled 30 Table 2) .
Follow-up and survival
All 30 patients were eligible for survival analysis. The median follow-up period for all patients was 22 (range: 6-45) months. Since treatment, 13 patients have died of tumor relapse and progression. The estimated median OS is 30 months. The 3-year OS was 46.0% [95% confidence interval (95% CI), 28.2%-64.8%; Figure 1] ; and 3-year PFS was 43.0% (95% CI, 25.7%-62.0%; Figure 2 ). In univariate comparison with patients who did not have lymphoma B-symptoms at diagnosis, the 3-year OS was significantly less for patients with B symptoms at diagnosis (23.5% vs. 67.2%, P=0.048; Figure 3 ), although the 3-year PFS did not significantly differ from patients with B symptoms (19.38% vs. 55.91%, P=0.090; Figure 4) was considered statistically significant.
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extranodal involvement) did not affect prognosis.
No patients received allogeneic hematopoietic stem cell transplantation. However, two female patients, aged 20 and 32 years old, with stage IV disease, received APBSCT after achieving CR from the PEG-ASP-BFM-90 regimen. They are both still alive.
Adverse effects
Although we observed AEs in all 30 patients (Table 3) , we saw no therapy-related deaths or allergic reactions that occurred during treatment. Most AEs were grade 1-2. We found many patients had bone marrow suppression We assayed plasma D-dimer levels in 8 patients, 7 of which had elevated levels during PEG-ASP-BFM-90 treatment, and 1 had a lower level. Three patients developed infections (recovered after stopping treatment), including 2 with pulmonary infections (who completed the full treatment) and 1 patient with septicemia (who withdrew from further treatment). One patient with pancreatitis discontinued PEG-ASP-containing treatment. Other common AEs included liver dysfunction and digestive tract toxicities ( Table 3) .
Discussion
L-ASP is an enzyme of bacterial origin that hydrolyzes serum asparagine to aspartate and ammonia. Serum asparagine depletion results in inhibited protein synthesis and subsequent tumor cell death, whereas normal cells can synthesize asparagine (10) . However, hypersensitivity reactions to L-ASP limit its application. PEG-ASP has lower immunogenicity and been a standard treatment for pediatric ALL. In this study, we investigated the efficacy and toxicity of PEG-ASP substituted for L-ASP in the BFM-90 regimen for adult LBL.
Patients in our study were younger, with males about twice as many as females. Most patients had grossly enlarged mediastinums, which manifested as cough, shortness of breath, dyspnea, and/or superior vena cava syndrome. Their clinical characteristics were similar to those in previous studies (18, 19) . When immunophenotyped, 96.7% had T-lineage disease; only 1 patient had B-lineage disease.
PEG-ASP dosing studies have been performed for both pediatric and adult patients with ALL. In general, a single intravenous dose of PEG-ASP at 2,500 IU/m 2 replaced the 9-14 injections of native L-ASP used in the original BFM protocol (6, 13) . In our study, 30 patients received PEG-ASP [2,500 IU/m 2 intramuscular injection (single maximum dose 3,750 IU)] on d 2 and d 16 of the 4-drug induction course. Our result showed that the 2,500 IU/m 2 dose is safe for in adult LBL patients when PEG-ASP was integrated into a pediatric regimen (19) . Intramuscular injection is more convenient and comfortable than intravenous injection. Of the 30 patients, 37% received all 6 doses of PEG-ASP; 70% received 4 doses. Only 17% of patients needed to discontinue the treatment because of serious toxicity (20) . suggested consolidation with stem cell transplantation during first complete remission for chemosensitive adult LBL (22) . Two of our patients received APBSCT after effective treatment and are still alive.
CNS involvement at presentation occurs in 20% of cases and is a frequent site of relapse without CNS prophylaxis. In PEG-ASP-BFM-90 scheme, CNS prophylaxis is based on corticosteroids, intrathecal cytarabine, and intravenous high-dose methotrexate infusion without cranial irradiation (23) . None of the patients developed CNS lymphoma. This suggests that the combination of high-dose methotrexate and intrathecal chemotherapy (usually 10 intrathecal injections in our study) was adequate CNS protection.
Most AEs in our study cohort were grade 1-2, with no therapy-related deaths. The most common AEs were neutropenia, anemia and thrombocytopenia, and were similar to those seen in BFM-90 with L-ASP (14, 24, 25) . We also observed grade 1-2 fibrinogen reduction in 20 patients (66.7%), but no increase in hemorrhage occurred. In this study, chemotherapy was stopped when the plasma fibrinogen was <150 mg/dL; patients underwent infusions of fresh plasma or fibrinogen when plasma fibrinogen level was <100 mg/dL (26) . One patient had thrombus at the venous catheter site which improved after anticoagulation treatment. Albayrak et al. found elevated plasma D-dimer levels during treatments that contained L-ASP (27) ; similarly, we observed elevated D-dimer levels during PEG-ASP-containing treatment. We speculate that PEG-ASP has an effect on hemorrhage and coagulation balance (28). Hypoalbuminemia is also a common AE. Ping et al. found that 8 of 32 lymphoma patients on PEG-ASP-based chemotherapy had hypoalbuminemia (29) ; whereas 15 (50.0%) of our patients developed grade 1-2 hypoalbuminemia. In our study, the pancreatitis occurrence was lower. The result was very similar to previous reports, including studies that used PEG-ASP and native L-ASP (6,13). Douer et al. reported that incidences of grade 3-4 hyperbilirubinemia and transaminitis were 31% and 63%, respectively (20) . Aldoss et al. showed that grade 3-4 hyperbilirubinemia and transaminitis occurred in 23.7% and 53.9% of patients, respectively (30) . Our results showed that grade 3-4 hyperbilirubinemia (6.7%) and transaminitis (3.3%) were lower than those reported for adults. This may be related to the low fat diets during treatment.
Hypersensitivity to PEG-ASP was clearly less than that to L-ASP, for which reported hypersensitivity reaction rates were 15%-75% (11, 12) . We saw no occurrence of clinical allergic reactions among our 30 patients during all 128 times of PEG-ASP. Our patients each received a dose of dexamethasone (10 mg IV) before each starting PEG-ASP. This may reduce the frequency of clinical hypersensitivity (13) . Kurtzberg et al. reported that even patients who were allergic to L-ASP could still use PEG-ASP (31) .
Efficacy of PEG-ASP-or L-ASP-containing BFM-90 regimens for LBL or ALL is better for children than adults. The most common AEs in children were bacteremia infectious (13, 29) , whereas the most common AEs in adults were neutropenia. Incidence and type of other AEs were similar in both age groups (13, 32) .
Conclusions
Our clinical data and observed outcomes indicate that 1 dose of PEG-ASP can replace multiple doses of native L-ASP in BFM-90, with predominantly grade 3-4 neutropenia for adults LBL and no therapy-related deaths. Efficacy was similar to that in previous reports of PEG-ASP-containing regimens for adult ALL, but was lower for patients with bulky masses; patients with lymphoma B symptoms also had poorer survival outcomes. Major advantages include less serious allergic reactions, 2-3 weeks of action duration, and convenience for patients and physicians. These initial results provide new data and more evidence for Chinese patients from the 5 study sites in China. However, further studies are required to assess the benefits of PEG-ASP-BFM-90.
